receptors are widely distributed in the brain; their density is highest in the hippocampal CA1 subregion (Monaghan and Cotman 1985; Monyeret al. 1994; Boyer et al. 1998) . It has been shown that NMDA receptors in this area are very important in the regulation of synaptic plasticity and the process of learning and memory, especially long-term memory (Kesner and Dakis 1995; Morris et al. 1986; Nguyen and Kandel 1996; Kawabe et al. 1998 ). Meanwhile, NMDA elicits an increase in cAMP in the hippocampal CA1 area that is antagonized by the competitive antagonist DL-2-amino-5-phosphonovaleric acid (AP5) or removal of extracellular Ca 2 ϩ (Chetkovich et al. 1991) . Antagonism of NMDA receptors not only blocks NMDA-induced increases in cAMP, but also impairs learning and memory (Morris et al. 1986; Nguyen and Kandel 1996; Kawabe et al. 1998; Chetkovich et al. 1991; Meehan 1996) . These results indicate that cAMP is involved in the NMDA receptor antagonist-induced impairment of learning and memory.
N-methyl-D-aspartate (NMDA) receptors are widely distributed in the brain; their density is highest in the hippocampal CA1 subregion (Monaghan and Cotman 1985; Monyeret al. 1994; Boyer et al. 1998) . It has been shown that NMDA receptors in this area are very important in the regulation of synaptic plasticity and the process of learning and memory, especially long-term memory (Kesner and Dakis 1995; Morris et al. 1986; Nguyen and Kandel 1996; Kawabe et al. 1998) . Meanwhile, NMDA elicits an increase in cAMP in the hippocampal CA1 area that is antagonized by the competitive antagonist DL-2-amino-5-phosphonovaleric acid (AP5) or removal of extracellular Ca 2 ϩ (Chetkovich et al. 1991) . Antagonism of NMDA receptors not only blocks NMDA-induced increases in cAMP, but also impairs learning and memory (Morris et al. 1986; Nguyen and Kandel 1996; Kawabe et al. 1998; Chetkovich et al. 1991; Meehan 1996) . These results indicate that cAMP is involved in the NMDA receptor antagonist-induced impairment of learning and memory.
Rolipram, a selective inhibitor of type 4 cAMP-specific phosphodiesterase (PDE4), produces an increase in brain cAMP levels via the inhibition of its degradation (Schneider 1984; Ilien et al. 1982) . Behavioral studies show that rolipram inhibits locomotor activity and rearing induced by methaphetamine and produces biphasic effects on schedule-controlled behavior, increasing response rate at lower doses and decreasing response rate at higher doses (Iyo et al. 1995; O'Donnell and Frith 1999) . It elicits a morphine-withdrawal-like behavioral syndrome characterized by head twitches, forepaw shaking, grooming and hypoactivity, which are related to a high level of cAMP (Wachtel 1982; Wachtel 1983) . Rolipram also exhibits antidepressant-like effects in animal models and in patients with depressive disorders (O'Donnell and Frith 1999; Hebenstreit et al. 1989; O'Donnell 1993) .
Recently, rolipram has been shown to reverse the impairment of either working memory or reference memory induced by the muscarinic receptor antagonist scopolamine (Egawa et al. 1997; Imanishi et al. 1997; Zhang and O'Donnell 2000) . Furthermore, PDE4 has been shown to be involved in NMDA receptor-mediated signal transduction mechanisms. Chronic treatment with rolipram up-regulates NMDA receptors in the rat hippocampus ; rolipram also attenuates the expression of the heat shock protein HSP-70 induced by the NMDA receptor antagonist MK-801 (Hashimoto et al. 1997 ). Thus, although there is no direct evidence linking the effect of rolipram to NMDA receptors, the results described above suggest that rolipram will reverse the amnesic effect of the NMDA receptor antagonist MK-801. Such a finding would suggest an important role for PDE4 and cAMP in signal transduction mechanisms for NMDA receptors that are involved in learning and memory.
To test the proposed hypothesis, we investigated the effects of rolipram on MK-801-induced impairment of working and reference memory in the radial-arm maze task and long-term memory in the inhibitory avoidance (passive avoidance) procedure in rats. To assess the mechanisms mediating observed behavioral effects, the interaction between the effects of rolipram and NMDA on cAMP concentrations was examined in primary cultures of rat cerebral cortical neurons.
METHODS

Animals
Male Sprague-Dawley rats (250-300 g) were housed in groups of 2-3 in plastic cages in a room that was kept at a constant temperature (22 Њ C) and on a 12-hour on / 12-hour off light cycle (lights on at 0600 hours). Water and food were freely available, except for the rats used for the radial-arm maze task; for these rats, food was restricted to 16 g per day after test sessions, so as to maintain body weights at 80-85% of free-feeding weights.
The Radial-arm Maze Test
The test was performed as described (Zajaczkowski et al. 1996; Levin et al. 1998) . In brief, five days after initial housing, rats were weighed and handled for two days before they were placed into the maze for 5 minutes in groups of 4-5 with food pellets [fruit cereal spins (Great Value, WAL-MART Inc., Bentonville, AR); each was split into three pellets. 4-5 pellets per rat] scattered randomly throughout the eight-arm radial maze (each arm was 60 cm long, 10 cm wide and 12 cm high; the maze was elevated 70 cm above the floor); this acclimation session was conducted a second day. Rats were then placed individually in the center of the maze for 5 minutes with food pellets placed close to the food wells and then, the next day, in the wells at the end of the arms; two sessions a day were conducted. Four randomly selected arms were then baited with one pellet of food each. The rat was restricted to the center platform (26 cm in diameter) for 15 seconds and then allowed to move freely throughout the maze until it collected all pellets of food or 10 minutes passed, whichever came first. Four parameters were recorded: 1) working memory errors, i.e., entries into baited arms that had already been visited during the same trial; 2) reference memory errors, i.e., entries into unbaited arms; 3) total arm entries; 4) the test duration (s), i.e. the time spent in the collection of all the pellets in the maze. If the working memory error was zero and the average reference memory error was less than one in five successive trials, the rats began the drug tests. Rolipram (Schering AG, Berlin, Germany) was dissolved in saline containing 10% dimethyl sulfoxide (DMSO); ( ϩ )-MK-801 hydrogen maleate (RBI, Natick, MA) was dissolved in saline alone. Rolipram was injected intraperitoneally (i.p.) 30 minutes after MK-801, which was given i.p. 60 minutes before the test. Experiments were performed in a lighted room, which contained several extra-maze visual cues.
Two types of frequencies were used to measure working and reference memory: frequency of working memory errors and frequency of reference memory errors. The frequency was calculated as the number of working or reference memory errors divided by total number of entries into the arms. The average exploration time, which was used as a measure of general locomotor activity, was calculated as the test duration divided by the total number of entries into arms.
The Inhibitory Avoidance Test
The test was performed as described (Maurice et al. 1994) . The apparatus (Model E10-16SC, Coulbourn Instruments, Allentown, PA) consisted of a two-compartment chamber with an illuminated compartment connected to a darkened compartment by a guillotine door.
The floor of the darkened compartment consisted of stainless steel rods through which an electric foot-shock could be delivered from a constant current source. All experimental groups were first habituated to the apparatus the day before the start of the experiment. During the training, the rat was placed in the illuminated compartment facing away from the closed guillotine door for one minute before the door was raised. The latency for entering the darkened compartment was recorded. After the rat entered the darkened compartment, the door was closed and a 0.5 mA electric shock was administered for 3 seconds. Twenty-four hours later, the rat was administered 0.1 mg/kg MK-801 or saline, 30 minutes prior to the injection of rolipram (0.1 mg/kg) or saline, which was 30 minutes before the retention test started. The rat was again placed in the illuminated compartment, with the guillotine door open. The latency for entering the darkened compartment was recorded for up to 180 s, at which time the trial was terminated.
Preparation of Neuronal Cultures
Cerebral cortical cultures were prepared from newborn rat pups as previously described (Chandler et al. 1997) . In brief, brains were removed and placed in an isotonic salt solution containing 100 U of penicillin G, 100 g of streptomycin and 0.25 g of amphotericin B (Fungizone) per ml (pH 7.4). Blood vessels and pia mater were removed and the tissue chopped into approximately 2 mm chunks. The brain pieces were then suspended in 25 ml of 0.25% trypsin (wt/vol) in isotonic salt solution (pH 7.4) and placed in a shaking water bath for 10 minutes at 37 Њ C to dissociate the cells. The dissociated cell suspension was then removed and combined with 10 ml of DMEM containing 10% PDHS and the undissociated chunks were mixed with 160 g of DNase 1 and triturated until the cells were dissociated. The dissociated cell suspensions were combined, centrifuged at 1000 ϫ g for 10 minutes and the resulting pellet washed with 50 ml DMEM containing 10% PDHS. Cells were resuspended in DMEM containing 10% PDHS and plated on poly-L-lysine coated culture dishes at a density of 4 ϫ 10 6 cells/35 mm dish and incubated at 37 Њ C in a humidified incubator with 5% CO 2 /95% air. On day 3, cells were treated with 10 M ␤ -cytosine arabinoside (ARC) in DMEM containing 10% PDHS. After two days of ARC treatment, the culture medium was replaced with DMEM containing 10% PDHS and cultures were grown for an additional seven days before being used in experiments.
Culture Treatments and cAMP Determination
Cortical cultures were washed with 1 ml of HEPES buffer [140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 100 nM glycine, 15 mM glucose and 25 mM HEPES (pH 7.4)] and incubated at 37 Њ C with HEPES buffer containing 1 M TTX. After a 50-minute incubation, rolipram (1 or 10 M), MK-801 (10 M) or vehicle (HEPES buffer) was added. The cultures were allowed to incubate for an additional 10 minutes followed by addition of vehicle or NMDA (100 M). After an additional 15-minute incubation, the cells were scraped into 100 l of ice-cold 0.4 N perchloric acid, the cellular homogenate from triplicate dishes combined, probe sonicated ( ‫ف‬ 5 seconds) and centrifuged at 23,000 ϫ g for 15 minutes at 4 Њ C. The resulting supernatant was removed and saved at -20 Њ C for subsequent determination of cAMP. The pellet was solubilized by sonication in 100 l of 1 N NaOH and protein concentration determined using the bicinchoninic acid assay (Smith et al. 1985) .
Data Analysis
The data were analyzed by one-way analyses of variance (ANOVA) followed by Dunnett's multiple comparison tests except for cAMP measurement just by t tests.
RESULTS
In the radial-arm maze test, MK-801 (0.1 mg/kg) significantly increased the frequency of both working and reference memory errors. Rolipram (0.01-0.1 mg/kg), in a dose-dependent fashion, decreased the frequency of both working memory errors (F[4,64] ϭ 11.10; p Ͻ .0001) and reference memory errors (F[4,64] ϭ 2.53; p ϭ .049) that were increased by MK-801 (Figure 1) . The minimum effective doses of rolipram were 0.05 mg/kg for working memory and 0.1 mg/kg for reference memory. At the dose used in the present study, MK-801 did not alter exploration time. However, at doses of 0.05 and 0.1 mg/kg which did not change the test duration, rolipram, in combination with MK-801, significantly decreased the total number of entries (data not shown) to such an extent that it increased the exploration time (s/entry) to 147% and 138% of saline control, respectively (F[4,64] ϭ 9.23; p Ͻ .0001) (Figure 2) .
The effects of rolipram on memory also were investigated in the inhibitory avoidance test in rats (Figure 3) . Naive animals took about 25 seconds to cross from the illuminated compartment to the darkened compartment of the shuttle box. Twenty-four hours following electric footshock delivery in the darkened compartment, rats pretreated with vehicle (saline ϩ saline) did not re-enter the darkened chamber within the 180-second test period. This indicated that the rats acquired the memory regarding the aversive stimulation associated with the darkened compartment. Compared to the vehicle, pretreatment with MK-801 (0.1 mg/kg) signifi-cantly reduced the latency to a value similar to that observed in naive rats. This effect of MK-801 was completely antagonized by rolipram at a dose of 0.1 mg/kg (F[3,35] ϭ 190.80; p Ͻ .0001) (Figure 3) .
To assess the neurochemical mechanism underlying the ability of rolipram to reverse the amnesic effects of MK-801, the effects of these drugs on cAMP concentrations in primary neuronal cultures were examined. In the absence of rolipram pretreatment, NMDA (100 M) did not increase cAMP concentrations in primary cultures of rat cerebral cortical neurons ( Figure 4) ; by contrast, under similar conditions, isoproterenol increased cAMP to more than 400% of control (data not shown). When neurons were co-incubated with 1 or 10 M rolipram, NMDA increased cAMP concentrations to 250% and 420% of control, respectively. This increase was considerably greater than that produced by either con- 
DISCUSSION
Rolipram, as well as other PDE4 inhibitors, has been shown to enhance retention in inhibitory avoidance tasks in mice at doses that elevate brain cAMP levels (Randt et al. 1982; Villiger and Dunn 1981) . Recent studies show that rolipram ameliorates scopolamineinduced impairment of learning and memory in rats and mice (Egawa et al. 1997; Imanishi et al. 1997) ; it also improves both working and reference memory impaired by scopolamine (Zhang and O'Donnell 2000) . The results of the present study show that rolipram also reverses NMDA receptor antagonist-induced impairment of memory.
In the radial-arm maze test, MK-801 significantly increased the frequency of both working and reference memory errors. This result is in agreement with previous studies (Maurice et al. 1994; Pitkanen et al. 1995) . The effects of MK-801 were antagonized by rolipram. Antagonism of NMDA receptors blocks either learning (acquisition) or memory (retention performance), which is task-, dose-and time-dependent (Shapiro and Bars represent mean Ϯ S.E; * p Ͻ .05, ** p Ͻ .01 vs. saline (n ϭ 18); for vehicle, n ϭ 22; for other groups, n ϭ 9-10. Caramanos, 1990; Mondadori and Weiskrantz, 1993; Mathis, et al. 1996; Kawabe et al. 1998 ). In the present task, however, since rats were well trained before drug testing and there were 3-4 days of drug-free training between two tests, which would greatly reduce the possibility of persistent amnestic effects induced by MK-801, it was working and reference memory, rather than acquisition or learning, that MK-801 impaired. Moreover, the effects of rolipram on MK-801-induced impairment of memory was not due to its role in maze performance because pretreatment with rolipram alone did not affect either working memory errors or reference memory errors (data not shown).
MK-801, at the dose used in the present study, did not alter exploration time, which provided a measure of general locomotor activity (Zajaczkowski et al. 1996) . However, compared to the saline control, rolipram increased the exploration time. These effects of rolipram on the exploration time are in agreement with reports that rolipram inhibits methaphetamine-induced hyperactivity (Iyo et al. 1995) and decreases response rate of schedule-controlled behavior (O'Donnell and Frith 1999) , which are not related to memory.
In the inhibitory avoidance task, 24 hours after training, rats acquired the memory related to aversive stimulation; pretreatment with MK-801 impaired retention performance, which is consistent with previous report (Mondadori and Weiskrantz, 1993) . This result suggests an impairment of long-term memory induced by MK-801, which also was reversed by rolipram.
The present findings indicate, for the first time, that (1) rolipram enhances not only working memory but also reference memory, which are impaired by MK-801; (2) rolipram improves MK-801-induced impairment of long-term memory; (3) these effects of rolipram are likely mediated by its inhibition of PDE4.
Among these three types of memory, reference memory and long-term memory appear to be highly related to the level and function of cAMP in the brain (Barros et al. 1999; Romano et al. 1996) . Considering that rolipram attenuates the MK-801-induced expression of heat shock protein HSP-70 (Hashimoto et al. 1997) and that chronic treatment with rolipram up-regulates hippocampal NMDA receptors ), the present data suggest an interaction between PDE4 and NMDA receptors in the regulation of memory based upon the changes in cAMP levels in the brain. Such a hypothesis is also supported by the finding that NMDA increased cAMP concentrations only in the presence of rolipram; antagonism of this effect by MK-801 confirmed NMDA receptor mediation (Figure 4) .
Both NMDA receptors and cAMP/PKA (protein kinase A) signaling play essential roles in neuronal synaptic plasticity and memory (Morris et al. 1986; Barros et al. 1999; Frey et al. 1993; Guzowski and McGaugh 1997) . Studies have shown that activation of NMDA receptors in brain regions such as the CA1 and dentate gyrus areas of the hippocampus plays an important role in the induction of long-term potentiation (LTP) ( Morris et al. 1986; Harris et al. 1984; Collingridge et al. 1993) , a form of transcription-dependent neuronal plasticity proposed as a model for the formation of longterm memory (Nguyen and Kandel 1996; Stevens 1998) . NMDA also increases cAMP levels in the hippocampal CA1 area; this effect is antagonized by AP5 or removal of extracellular Ca 2ϩ (Chetkovich et al. 1991) . These results suggest that activation of NMDA receptors produces a Ca 2ϩ -dependent increase in cAMP that may play a role in the induction of LTP in the CA1 area of the hippocampus. Further studies have shown that the activation of Gs/adenylyl cyclase (AC)-coupled receptors such as beta-adrenergic and adenosine receptors are not involved in NMDA receptor-mediated increases in cAMP; these effects induced by NMDA receptor stimulation are blocked by calmodulin antagonists (Chetkovich et al. 1991; Chetkovich and Sweatt 1993) . These studies support the hypothesis that NMDA receptor activation is positively coupled to AC via calcium/calmodulin (Chetkovich and Sweatt 1993) . Therefore, the activation of NMDA receptors is involved in the processes of learning and memory, including both short-term and long-term memory, via its positive action in the AC/cAMP system in the brain. By blocking NMDA receptors, so as to inhibit the increase in cAMP via the mechanisms described above, MK-801 impaired both working and reference memory as well as longterm memory in the present study. These effects of MK-801 are consistent with those reported in previous studies (Pitkanen et al. 1995; White and Best 1998) . Thus, rolipram attenuated the MK-801-induced impairment of memory by its inhibition of PDE4 and subsequent increase in the level of cAMP. Furthermore, although NMDA does not affect PDE4 directly (Chetkovich and Sweatt 1993) , the balance between PDE4 and NMDAcoupled AC appears to play a very important role in the processing and consolidation of memory.
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